Introduction
In the last decades many attempts to calculate the retention time for temperature-programmed gas chromatography were carried out. However, the theoretical treatments were not very straightforward. [1] [2] [3] [4] The reason is that the fundamental equation for linear temperature programs is an integral form, which has no analytical solution. Consequently, either numerical methods or simplifying assumptions using computer simulations are required for even a simple case. Still, recently a procedure was reported that is based on a detailed consideration of the thermodynamics of the chromatographic process and accounts for the actual state of a capillary column. 5 In the previous work, [6] [7] [8] we obtained a closed-form integral for the exponential by using a new relation instead of the usual one of temperature versus time (T = T0 + βt) in the linear temperatureprogrammed mode. The integral has been applied to calculate the activation energy of a dynamic reaction process. 6, 8 It has also proven to be applicable to calculate the retention time for a temperature-programmed gas chromatography with a packed column. 7 The present work illustrates the applicability of the integral for predicting the retention time for a capillary gas chromatograph in the constant-velocity mode.
Mathematical procedure
In the linear temperature-programmed mode, the change in temperature with time is usually expressed as
where T0 is the initial temperature and β the rate of temperature increase. Unfortunately, the use of Eq. (1) can not lead to a complete integral for the exponential, exp(−ΔH/RT). Therefore, numerical methods must be adopted to predict the retention time. We propose a relation (Eq. (2)) to substitute for Eq. (1):
where η and ξ are parameters describing a temperatureprogrammed process; η is a constant related to the initial temperature (T0) and the final temperature (Tf), ξ has an exclusive value corresponding to a specific heating rate (β). They are determined by using the following equations:
where ts = (Ts − T0)/β and tf = (Tf − T0)/β. Equation (2) can give a closed-form integral for the exponential exp(−ΔH/RT):
In Eq. (6), γ = ηΔH/R and tnR represent the retention time under a non-isothermal condition. It has been shown that Eq. (2) is almost equivalent to Eq. (1) in value of temperature, especially in the high-temperature zone and/or in a small range of temperature. 7 The small deviation of the temperature value between Eqs. (1) and (2) results in a fairly high accuracy of Eq. (6) compared to the numerical "exact" integral. 7 For partition gas chromatography, the column length (L) can
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A closed-form integral for the Arrhenius exponential was obtained by using an approximate relation instead of the usual one in a linear temperature program. The closed-form integral can be applied to predict the retention time very well both for a packed column and for a capillary column, in constant the velocity mode. be expressed as
where tR is the retention time, u is the linear velocity of the carrier gas and RF is the relative migration rate. RF is usually written as follows:
where B is the ratio of the cross section of the gas phase to the liquid phase; ΔS and ΔH are the changes in the entropy and the enthalpy, respectively, of a component when it goes into the gas phase from the liquid phase of the column. Under isothermal conditions, Eq. (7) is written as follows:
Under non-isothermal conditions, Eq. (7) is expressed as follows:
Comparing Eqs. (9) with (10), it is found that the following equation holds true when the isothermal analysis is performed at the initial temperature, T0:
According to Eq. (11), if one of the two kinds of retention times, tnR and tiR, is measured experimentally, the another can be calculated in the case when ΔH of the component is known. On the other hand, if tiR and tnR are both measured, ΔH of the component can also be calculated. Besides, if non-isothermal analyses are carried out at two different heating rates, the following equation can be given, since the length of the column is fixed as a constant:
ΔH of the component can thus be calculated from Eq. (12). When ΔH is known, the retention time of the component at any definite heating rate can be calculated from a known retention time measured at a specific heating rate. In addition, it should be noted that RF may have other expressions different from Eq. (8), dependent on the samples and the conditions of the analyses. However, a closed form of the integral could be obtained by using Eq. (2), and the same integral as given in Eq. (6) would remain after neglecting the other items of less importance. By this means, Eqs. (11) and (12) are still applicable for estimating the retention time.
Experimental
Analyses of a mixture of high hydrocarbons C8 -C15 were performed on a capillary gas chromatograph (Shimadzu GC-2010) in the constant-velocity mode of the carrier gas (helium) at 35 cm/s. The capillary column (DB-5MS) was 25 m in length, 0.25 mm in i.d. and 0.25 μm in film thickness. The temperature for isothermal analyses was 40˚C. Non-isothermal analyses were carried out at heating rates of 8, 10 and 12 K/min from the same temperature of 40˚C as the initial temperature.
Results and Discussion
Generally, the vaporization enthalpy of oils (high hydrocarbons) is in the range of 20 -40 kJ/mol. 10 The closed-form integral Eq. (6) with the use of Eq. (2) has a smaller error at a smaller value of the vaporization enthalpy compared with the "exact" numerical integration. 7 Therefore, Eqs. (2) and (6) have satisfactory accuracy to predict the retention time of gas chromatography. Besides, Eqs. (11) and (12) hold true absolutely, independent of the heating rate. For these reasons, Eqs. (11) and (12) can in principle be applied to accurately predict the retention time. Table 1 lists the retention times of hydrocarbons C8 -C15 measured at heating rates of 8, 10 and 12 K/min, respectively, and at a constant column temperature 40˚C. As an example, we at first calculate the theoretical retention time at 8 K/min by using the measured retention times at 10 and 12 K/min. We chose T0 = 313.15 K and Tf = 573.15 K, ξ and η were then calculated from Eqs. (3) - (5), corresponding to the heating rates 8, 10 and 12 K/min. Since Eq. (12) holds true for 10 and 12 K/min, γ could be obtained. Similarly, Eq. (12) also holds for 8 and 10 K/min. Thus, the theoretical retention time at 8 K/min could be calculated using the γ value obtained from the heating rates of 10 and 12 K/min. The so-predicted retention time at 8 K/min is presented in Table 2 . It can be seen that the relative error is very small. Equation (11) can also be applied to predict the retention time. For example, we used the isothermal retention time at 40˚C and the non-isothermal retention time at 12 K/min to calculate the γ value, and then used the γ value to predict the non-isothermal retention time at 10 K/min. The results are compared in Table 3 . It can be seen that the predicted values are quite consistent with the measured ones, although the deviation increased with increasing carbon number. This is because the isothermal retention time became too long at 40˚C as the carbon number increased, and the taking up of the isothermal retention time has an increased uncertainty, especially for the C11 compound.
Conclusion
A procedure to predict the retention time in capillary gas chromatography is proposed. It has been proven to be applicable for hydrocarbon samples both in a packed column and in a capillary column in a constant-velocity mode. As illustrated in Tables 2 and 3 , the predicted times are quite close to the measured ones. In the case of the two programmed runs used (Eq. (12)), the relative error is about 0.2% or less in absolute value. When one non-isothermal run and another isothermal run are used (Eq. (11)), the relative error is near 1%. In this case, the relatively larger error could be due to the relatively larger difference of the sample in partition between under the non-isothermal condition and under the isothermal condition. A more detailed discussion concerning the error will be made in the future after more data are collected.
Besides, the application of this procedure for other samples, such as polar compounds, will be investigated in the future. Prediction was based on the retention times measured at 12 K/min and at an isothermal column temperature of 313.15 K. a. Deviation = predicted value − measured value. b. Relative error = deviation/measured value × 100.
